Considerable evidence supports mutations in mitochondrial genes as the cause of maternally inherited diseases affecting tissues that rely primarily on oxidative energy metabolism, usually the nervous system, the heart, and skeletal muscles. Mitochondrial diseases are diverse, and animal models currently are limited. Here we introduced a mutant human mitochondrial gene responsible for Leber hereditary optic neuropathy (LHON) into the mouse germ line using fluorescence imaging for tissue-specific enrichment in the target retinal ganglion cells. A mitochondria-targeted adeno-associated virus (MTS-AAV) containing the mutant human NADH ubiquinone oxidoreductase subunit 4 (ND4) gene followed by mitochondrial-encoded mCherry was microinjected into zygotes. Female founders with mCherry fluorescence on ophthalmoscopy were backcrossed with normal males for eight generations. Mutant human ND4 DNA was 20% of mouse ND4 and did not integrate into the host genome. Translated human ND4 protein assembled into host respiratory complexes, decreasing respiratory chain function and increasing oxidative stress. Swelling of the optic nerve head was followed by progressive demise of ganglion cells and their axons, the hallmarks of human LHON. Early visual loss that began at 3 mo and progressed to blindness 8 mo after birth was reversed by intraocular injection of MTS-AAV expressing wild-type human ND4. The technology of introducing human mitochondrial genes into the mouse germ line has never been described, to our knowledge, and has implications not only for creating animal models recapitulating the counterpart human disorder but more importantly for reversing the adverse effects of the mutant gene using gene therapy to deliver the wild-type allele.
M
itochondria are thought to have evolved from free-living aerobic bacteria. Most bacteria encode the majority of their genes in single circular chromosomes but maintain stable episomes such as plasmids independent of that chromosome. In mammals mitochondria have their own genomic DNA (mtDNA) encoding 37 genes (2 for ribosomal RNAs, 22 for tRNAs, and 13 for proteins) that are essential for cell function and viability. However, most mitochondrial proteins are encoded by nuclear genes and are imported into the organelle. The mammalian mitochondrial genome is transmitted by the egg from mother to child. These genes are buffered against the effect of mutations, because somatic cells typically contain around 1,000 copies of mtDNA. Although most cells are apparently uniform with respect to mtDNA composition, mammalian cells usually can tolerate a significant fraction of aberrant mtDNA (a condition called "heteroplasmy") and retain respiratory chain function (1, 2) . Considerable evidence supports mitochondrial mutations as the cause of maternally inherited diseases affecting tissues that rely primarily on oxidative energy metabolism, usually the central and peripheral nervous system, the heart, and skeletal muscles (1, (3) (4) (5) . Patients frequently are heteroplasmic for the mutation, partially explaining why symptoms may be delayed until adolescence or even adulthood.
Most Leber hereditary optic neuropathy (LHON) cases are associated with mutations in one of three mitochondrial genes encoding subunits of NADH ubiquinone oxidoreductase (ND4) which is complex I of the mitochondrial respiratory chain (6) (7) (8) . This enzyme contains 7 subunits encoded by mtDNA that are intimately associated with the inner mitochondrial membrane and 35 subunits that are encoded by nuclear DNA and imported into the organelle (9) . The connection between LHON and mtDNA was established in 1988, when Wallace et al. reported a nucleotide transition from guanosine to adenosine at position 11778, which results in an arginine-to-histidine substitution in the ND4 subunit of complex I (6) . Since then, several other mutations in genes for NADH dehydrogenase, cytochrome b, cytochrome oxidase, or ATP synthase subunits have been identified that also cause familial LHON (10) . However, an animal model confirming the pathogenicity of the G11778A mutation has never been developed. Moreover, therapies for disorders caused by mutated mtDNA are inadequate, in large part because of the absence of animal models with mutated mtDNA and with the same genotype and phenotype as the human disorder that would help uncover the pathogenesis of disease and test potential avenues for treatment (11) (12) (13) . Current procedures for the introduction of artificially mutagenized mtDNA into mitochondria have generated optic neuropathy in mice with a gene [ND6 G14600A (P25L)] that, when homoplasmic, is responsible for Leigh syndrome in humans (14) .
Significance
Therapies for Leber hereditary optic neuropathy (LHON), in common with all disorders caused by mutated mtDNA, are inadequate, in part because of the absence of suitable animal models. To test a potential therapy, we introduced mutant human NADH ubiquinone oxidoreductase subunit 4 DNA directly into mitochondria of mouse zygotes to generate transgenic LHON mice. This mutation in mice caused the hallmark visual loss and optic neuropathy seen in LHON patients. We reversed the blindness by gene therapy with the wildtype allele. To our knowledge, this is the first description of a mouse model with the same genotype and phenotype as the human counterpart disorder. This innovative technology has implications not only for creating mouse models of mutant mtDNA but also for treating the mitochondrial dysfunction with gene therapy.
Viruses have the ability to traverse the mitochondrial double membrane with subsequent access into the inner matrix (15) , delivering DNA into the organelle (16) . Taking advantage of this property, we redirected the adeno-associated virus (AAV) to target mitochondria efficiently, rather than its typical target, the nucleus, by adding the 23-aa cytochrome oxidase subunit 8 (COX8) presequence into the AAV2 capsid ORF (17, 18) . Here we use this vector to deliver the mutant human G11778A ND4 DNA into zygotes to generate transgenic LHON mice.
Mutant Human ND4 in Transgenic Mice
Chloramphenicol resistance has been used as a selectable marker for mitochondrial transformation, but chloramphenicol-resistant chimeric mice develop ocular abnormalities (19) (20) (21) (22) (23) (24) (25) (26) . Therefore, we inserted a mitochondrial-encoded mCherry gene downstream of the mutant human ND4 (mutND4) gene that was fused in frame with FLAG (mutND4FLAG). We cloned the entire cassette under the control of the mitochondrial heavy-strand promoter (HSP) into a self-complementary AAV (scAAV) backbone (sc-HSP-mutND4FLAG+mCherry) (Fig. 1A) . A stop codon (AGA) Fig. 1 . Scheme of transgenic mice generation. (A) Mitochondrially encoded human mutant G11778A ND4 fused to FLAG (mutND4FLAG) and mitochondrially encoded mCherry were inserted into the scAAV backbone under the control of the human mitochondrial HSP. The stop codon AGA separated the two genes. (B-D) The construct was packaged in mitochondrially targeted cox8 MTS-scAAV (B) and was microinjected into fertilized eggs (C and D). (E) Offspring were screened for mCherry by CLSO (Inset). (F-H) Females with higher mCherry expression (F) were backcrossed with wild-type C57BL/6 males (G), generating mutant ND4 mice (H). (I) The transgenic mouse (arrow) was larger than a control mouse. (J-O) CLSO imaging of the optic nerve head (onh) and retinal nerve fiber layer (arrows) shows red fluorescent particles (arrows) in the retina of first-generation LHON mito-mice (F0) at 2 mo (2m) (J and K) and 11 mo (11m) (L) after birth and in their F1 progeny at 2m (M and N) and 7m (O) after birth. bGH-Poly(A), bovine growth hormone polyadenylation sequence; iTR, inverted terminal repeats.
was inserted between the two genes. After packaging with the mitochondria-targeted capsid (cox8GFP) (Fig. 1B) (17, 18) , the recombinant AAV (rAAV) was injected into fertilized oocytes ( Fig. 1 C and D) . Transgenic mice (F0) were generated ( Table 1) that contained varying levels of mCherry expression as detected by confocal laser-scanning ophthalmoscopy (CLSO) of live mice ( Fig.  1 E and F) . Three females with the highest levels of visible mCherry expression in the optic nerve head, ganglion cell, and retinal nerve fiber layers were backcrossed with normal C57BL/6 males for more than eight generations, resulting in 233 viable fertile mutND4 mice ( Fig. 1 G and H) . The phenotype of transgenic mice was grossly normal, except for a larger body size when compared with age-matched wild-type mice ( Fig. 1I and Table 2 ). In 77% of the transgenic mice, CLSO showed red fluorescent particles in the retina and optic nerve head that increased as the mice aged and could be observed through multiple generations ( Fig. 1 J-O) . Although enabling serial in vivo imaging of red fluorescence (27) , CLSO is far less sensitive than epifluorescence microscopy in visualizing mCherry.
To verify the presence of mutant human ND4, mitochondrial DNA was isolated from transgenic mouse tissues including the retina, optic nerve, brain, heart, liver, lung, spinal cord, and skeletal muscle (SI Appendix, Fig. S1 ). PCR with a forward primer nested in the mutant human ND4 and a reverse primer nested in the FLAG epitope generated a 1.4-kb band ( Fig. 2A) . PCR of optic nerve mitochondria with primers that amplify both human and mouse ND4 together were digested with the restriction enzyme ScaI that cut the human but not the mouse ND4 fragment and thus was diagnostic for the human ND4 (Fig. 2B, lane 3) . In addition, laser capture microdissection of the retina showed the human ND4 Sca1 was digested in cells of the retinal ganglion cell (RGC) layer but not in cells of other retinal layers of transgenic mice or in any retinal layer of normal controls (Fig. 2C) . Using quantitative PCR (qPCR), we found that mutant human ND4 DNA in the RGC layer was 20% of endogenous mouse ND4 but was much lower in the inner nuclear layer (0.08%), and no mutant human ND4 was detected in the outer nuclear layer of transgenic mice or in any retinal layer of control C57B/6 mice. Sequencing and alignment to wild-type human and mouse ND4 (Fig. 2D) further confirmed that the PCR product was the mutant human ND4.
Mutant Human ND4 Does Not Integrate into Mouse Mitochondrial DNA Because the AAV vector recently has been demonstrated to integrate viral DNA into the host mitochondrial genome (16), we next determined whether the mutant human ND4 integrated into the mouse mitochondrial genome. We performed next-generation sequencing of mtDNA extracted from the retina, brain, and muscles of 6-mo-old transgenic mice and the retinas of mice vitreally injected with the mitochondria-targeted scAAV-HSP mutant ND4 as a control. Next, we aligned the human sequences reading with the mouse mitochondrial genomes and also with the AAV genome, looking for reads that align one part to the virus and other to mouse or human mtDNA and determining the depth at each base level to look for variants. In each of the samples, we identified reads that mapped to the mitochondriatargeted AAV (MTS-AAV) containing mutant human ND4 (Fig.   2 E-I ). Homologous recombination of the mutant human ND4 or nonhomologous insertions of rAAV DNA into the mouse mitochondrial genome (Fig. 2 J-N) were not detected by nextgeneration sequencing. A recent study also supports the lack of AAV integration into mitochondria (28) . The absence of evidence that the viral genome integrated into the host mitochondrial DNA suggested that it remained episomal.
For the viral mutant human ND4 DNA to be transferred episomally in mitochondria, it likely would have to replicate. Therefore, we performed an in vitro DNA synthesis assay with mitochondria isolated from the livers of transgenic ND4 mice and wild-type controls, using α 32 P-dTTP and the other three unlabeled dNTPs. We found an ∼2-kb band that was absent in controls ( Fig.  3A) . Southern blotting using unlabeled dNTPs for the in vitro DNA synthesis reaction hybridized to a 32 P-labeled oligonucleotide probe derived from the human ND4 gene (Fig. 3B ). These findings suggest that the viral DNA is capable of replicating in mitochondria using endogenous cellular proteins (29) .
Expressed Human mutND4 Is Assembled into Complex I
For the AAV-transferred mutant human ND4 to have mitochondrial toxicity, it would have to be expressed and integrate into the murine complex I. To test the assembly of the expressed mutant human ND4FLAG into respiratory complex I [as previously demonstrated for wild-type ND4 that was injected directly into the eye (17)], mitochondria from transgenic mouse liver were isolated for 2D blue native PAGE (2D BN-PAGE). We found that signals with antibodies against subunits of complex I, including NDUFS4 and NDUFA9, migrated in the same vertical plane as signals seen with the FLAG antibody (Fig. 3C ). FLAG immunoblotting generated two bands (Fig. 3D) , one with the molecular weight of the mutant human ND4 and another higher-molecular-weight band consistent with a fusion protein containing both mutant ND4FLAG and mCherry. These two bands migrated at the same horizontal position, respectively, as ND4 ( Fig. 3E ) and mCherry (Fig. 3F ). The smaller band in the ND4 immunoblot (Fig. 3E ) may be endogenous mouse ND4. The mutant ND4FLAG-mCherry fusion may have been generated by the lack of the correct secondary structure required by mitochondrial RNase P and nucleases for precise endonucleolytic excision of mitochondrial mRNAs by processing tRNAs from the primary transcript (30) (31) (32) (33) . Another possible explanation for the fusion protein is that the stop codon (AGA) we inserted between the ND4FLAG and mCherry genes without a tRNA may have allowed some read through. Taken together, our data show that mutant human ND4 assembles into the murine complex I. 
Human mutND4 and mCherry Tissue Expression
Longitudinal sections of the retina reacted with antibodies against FLAG, mCherry, the mitochondrial marker VDAC/porin, and the RGC marker Thy1.2 demonstrated expression of ND4FLAG and mCherry in RGCs (SI Appendix, Fig. S2 ). In addition, mCherry expression was detected in the optic nerve, brain, heart, liver, and skeletal muscle of transgenic mice (SI Appendix, Fig. S3 ).
Expressed mutND4 Causes Visual Loss That Is Reversed by Gene Therapy Next, we assessed the effects of mutND4 on visual function. Pattern electroretinograms (PERGs), a sensitive measure of RGC dysfunction, showed progressive declines in amplitude after 3 mo, dropping to noise levels by 8-11 mo after birth ( Fig. 3 G and H) .
To intervene after the onset of visual loss, we injected both eyes of mice with low PERG amplitudes with mitochondria-targeted scAAV containing the wild-type human ND4. Littermates with similar low PERG amplitudes were injected with sterile PBS. One month and 3 mo later, mice treated by wild-type ND4 had significantly improved amplitudes (Fig. 3I ) compared with their baseline and compared with littermates injected with PBS, in which PERG amplitudes remained low (Fig. 3J ). Control wild-type mice injected with scAAV-mCherry maintained normal visual function at 1, 3, and 6 mo ( Fig. 3K ), indicating that intravitreal injection and reporter gene expression had no adverse effects on vision. Thus, the visual loss induced by the mutant ND4 was reversed by gene therapy with the wild-type allele.
MutND4 Causes Retinal Degeneration
The retinas of transgenic mutant ND4 mice degenerated with age. By 5-7 mo after birth, spectral domain optical coherence tomography (SD-OCT) measurements in live mice showed a statistically significant decrease in the thickness of the RGC layer and the inner plexiform layer (IPL) (P = 0.0089) (Fig. 3L) . The decrease became less pronounced but was still statistically significant from 8 to 11 mo of age (P = 0.026) (Fig. 3M) . Representative SD-OCT images of the same animal illustrate the progressive thinning of the RGC layer and IPL in transgenic mutND4 mice with advancing age (Fig. 3N) . No changes were detected in wild-type mice from 2 to 12 mo of age (34).
MutND4 Causes Loss of Axons and RGCs
Postmortem, we found severe optic atrophy in transgenic mutND4 mice examined 2 y after birth (Fig. 4A) . Longitudinal sections of these optic nerves showed a marked reduction in the diameter of the optic nerve (Fig. 4B ) compared with age-matched controls (Fig. 4C) . Optic nerve head swelling began as early as 1 mo after birth, and swelling increased gradually (Fig. 4D) , mushrooming into the vitreous cavity by 3 mo (Fig. 4E) . (For comparison, a normal optic nerve head is shown in Fig. 4F .) Swelling was followed by a progressive loss of the optic nerve head tissues by 22-26 mo of age (Fig. 4 G-I ). (A normal retina is shown in Fig. 4J .) In addition, progressive RGC loss and IPL thinning were also evident as mice aged from 3 to 22 mo (Fig. 4K ) and 26 mo (Fig. 4L) . Ultrastructural analysis confirmed that the optic nerve atrophy seen on light micrographs was caused by the loss of axons. Agematched wild-type mice injected with AAV-GFP have a normal complement of myelinated optic nerve axons (Fig. 5A ), but transgenic mice with severely atrophic nerves had far fewer axons (Fig. 5 B and C) . Swollen axons contained mitochondria with loss of cristae (Fig. 5D) , and axons were undergoing Wallerian degeneration (Fig. 5E) . Interestingly, we found that thick sheaths of myelin, a characteristic of large axons, surrounded small-caliber axons (Fig. 5F ). The retinas of transgenic mutND4 mice revealed that RGCs were lost (Fig. 5G ). Many cells in the RGC layer had condensation of the cytoplasm and nuclear chromatin consistent with apoptosis (Fig. 5H) Fig. 5I .) These severe pathological features were absent in the brain (SI Appendix, Fig. S4A ), heart (SI Appendix, Fig. S4B ), and skeletal muscle (SI Appendix, Fig.  S4C ) of transgenic mutant ND4 mice.
Oxidative Stress in Mutant ND4 Mice Next, we tested for mitochondrial oxidative stress using the cell permeate reagent 2′,7′-dichlorofluorescein diacetate (DCFDA) that exhibits green fluorescence in the presence of reactive oxygen species. One microliter of DCFDA was injected into the vitreous, and the eye was examined 3 h later. In transgenic retinas, many green fluorescent particles were seen in the RGC, ILP, and inner nuclear layer (SI Appendix, Fig. S5 A and B) in comparison with age-matched normal controls (SI Appendix, Fig.  S5C ). Expression of mCherry (without antibody detection) in transgenic mice (SI Appendix, Fig. S5 D and E) , absent in controls (SI Appendix, Fig. S5F ), was seen in DCFDA + cells (SI Appendix, Fig. S5 G and H) . Quantitative analysis revealed that 40% of cells in the RGC layer of mutant ND4 mice were positive for reactive oxygen species particles, whereas in controls this value was only 8% (P < 0.0001) (SI Appendix, Fig. S5I ). Thus, the presence of the mutant ND4 increased oxidative stress in transgenic mice, suggesting oxidative injury as a pathway for neurodegeneration (35, 36) .
Respiratory Chain Function in Mutant ND4 Mice
Because the optic nerve is highly dependent on oxidative phosphorylation and is adversely impacted by oxidative stress, we measured complex I activity and the rate of ATP synthesis by chemiluminescence with a modified luciferin-luciferase assay in freshly extracted digitonin-permeabilized optic nerve homogenates using the complex I substrates malate and pyruvate. We found that complex I activity was reduced in the optic nerves of transgenic mice relative to wild-type controls (P = 0.0114) (SI Appendix, Fig.  S5J ). We also found that the rate of complex I-dependent ATP synthesis was reduced significantly in the optic nerves (P = 0.006) of transgenic mice (SI Appendix, Fig. S5K ). Thus, substantial energy failure was detected in transgenic mutant ND4, mice similar to the levels of G11778A LHON cells (37).
Brain
Because lesions of the white matter sometimes can be seen in LHON patients, we examined the brains of transgenic mice and controls using MRI. We found no lesions in transgenic mice, and their scans looked similar to those of controls (SI Appendix, Fig. S6 ). Mice did not show ventriculomegaly. Last, we measured intracranial pressure of transgenic mice and controls to exclude papilledema as the cause of optic nerve head swelling and optic neuropathy, and we found no differences between the two groups ( Table 3) .
Discussion
We show here that the consequences of germline transfer of mutant human G11778A ND4 are visual loss and optic neuropathy in mice, as seen in man. That these adverse effects were reversed by gene therapy with the wild-type allele further confirms the pathogenicity of this mutation, whose association with LHON was discovered almost three decades ago, and suggest a pathway toward treatment that also could be applied to other mitochondrial diseases. Previous animal models of G11778A LHON used consecutive intraocular injections of an AAV containing the disease-inducing mutant ND4 with the rescue wildtype allele (38, 39) . The mechanism of progressive visual failure induced by mutant ND4 may be mediated by accumulating mitochondrial oxidative stress resulting in energy failure that primes neurodegeneration (40) . In a different disease, Leber congenital amaurosis, gene therapy improved visual function but did not prevent progressive neurodegeneration of the retina 41) . A combinatorial approach with antioxidants, antiapoptotic genes, or other agents ultimately may be needed to target the neurodegeneration of LHON sustainably (35, 36) .
Unlike most mitochondrial diseases, which are heteroplasmic (i.e., having both mutated and normal mitochondrial DNA), most cases of human LHON are homoplasmic, with only ∼15% being heteroplasmic (42) (43) (44) . Still, the LHON phenotype has been reported with as little as 33% mutated mitochondrial DNA (45) . Therefore, in these people and in rodent models (38, 39) , heteroplasmy is sufficient to induce the phenotype of visual loss and optic disk edema followed by progressive demise of retinal ganglion cells and their axons in the optic nerve. We found mutant human ND4 DNA levels were one fifth of the levels of endogenous mouse ND4; this dominant-negative effect of the mutant human ND4 expressed in the mouse is unlike most human diseases, in which the threshold of mutant to wild-type mitochondrial DNA usually must exceed 70-90% to be symptomatic. However, at least one human disorder has been shown to be caused with as little as 4-8% mutant mitochondrial DNA (46) .
We were unable to find any recombination of the mutant human ND4 within the mouse mitochondrial genome, suggesting that the transferred human gene remained episomal. Although we detected some evidence for the replication of viral genomes, as would be expected with tissue expression after picoliter AAV injection into zygotes, the absence of integration into the mouse mitochondrial genome suggests that this replication did not occur by the "lagging-strand" mechanism characteristic of mitochondrial DNA synthesis but perhaps occurred by replication of viral DNA with an endogenous REP-like protein during the development of the embryo. Most of the 13 proteins encoded by the mitochondrial genome have some codons that are different from the nuclear genetic code; thus human ND4 can be translated in the mitochondria only where TGA encodes tryptophan but is a stop codon in the nucleus, where only a 13 N-terminal amino acid peptide would be generated. Taken together, these findings indicate that mutant human ND4 remained episomal within mitochondria where the human ND4 was transcribed and translated.
Clearly, relevant animal models of disease are a requisite in the quest to develop a clinically effective therapy for mitochondrial diseases. Using electrofusion technology, Lin et al. (14) fused enucleated cytoplasts of cybrids to mouse embryonic stem cells and generated transgenic mice homoplasmic for ND6 G13997A resulting in a P25L substitution. As in LHON these transgenic mice showed loss of optic nerve axons, but unlike LHON they also had a reduction in photoreceptor function as determined by electroretinography but, surprisingly, had normal visual acuity. In addition, it was reported that, rather than causing LHON in humans, the ND6P25L mutation causes Leigh syndrome (14) . Our procedure is able to introduce mutant human DNA into the mitochondria of mice over multiple generations. Using this methodology, we also generated a mouse line with the human T8993G ATP6 responsible for human Leigh's syndrome and neurogenic ataxia and retinitis pigmentosa. This mutation resulted not only in visual loss but also in paralysis and eventually death of 78% of mutant ATP6 mice (47) . Lethality was not seen in mutant ND4 mice. In summary, the application of our methodology to other pathogenic mtDNA mutations may generate various transgenic mitochondrial mice for precise study of the pathogenesis of these devastating mitochondrial diseases and the testing of new therapies for combatting them.
Materials and Methods
Plasmids. scHSP-mutND4FLAG+mCherry was constructed as previously described (17, 18) . In brief, human mutND4FLAG and mitochondrial-encoded mCherry (mCherry) were generated by site-directed mutagenesis (Quikchange II XL sitedirected mutagenesis kit; Stratagene) with the substitution of A for G at 11778 in ND4 and A for C at 559 in mCherry. Both then were cloned into scAAV backbones under the control of the mitochondrial HSP, where ND4FLAG is followed by mCherry with a stop codon between two genes. Primers used for sitedirected mutagenesis were mutND4: cga acg cac tca cag tcA cat cat aat cct ctc tc (sense) and ga gag agg att atg atg Tga ctg tga gtg cgt tcg (antisense); mCherry: gcg gat caa gca gCg gct gaa gct gaa gg (sense) and cc ttc agc ttc agc cGc tgc ttg atc cgc (antisense) (the mutated nucleotide is indicated by a capital letter). Table 1 . A summary of the number of animals used for each experiment is provided in Table 4 . Mouse weights are given in Table 2 . All animal procedures were conducted facilities accredited by the Association for Assessment and Accreditation of Laboratory Animal Care and in accordance with the University of Miami Institutional Animal Care and Use Committee policies (48) .
PERG, OCT, and CLSO Imaging. Mitochondrial mCherry fluorescence was visualized using a Heidelberg laser-scanning ophthalmoscope outfitted with special filters for red or green fluorescence. PERGs were performed according to previous reports (49) . Averaged PERGs were automatically analyzed to evaluate the major positive and negative waves with Sigma Plot (Systat Software Inc.). Retinal images were visualized with in vivo spectral-domain (SD) OCT (Bioptigen, Inc.) and then were analyzed with semiautomated custom software written using MATLAB software (MathWorks, Inc.).
Intracranial Pressure Measurements. Mice were anesthetized with a ketamine/ xylazine mixture. A linear scalp incision was made in the skin. A 0.6-mm bur was used to drill a hole at the bregma. An OpSens fiberoptic pressure sensor (L222-0697-01) that was connected to an OpSens monitor was inserted through the burr hole into the brain. Diastolic and systolic measurements were taken and averaged. PCR. Mitochondria were isolated from the retina, optic nerve, brain, spinal cord, liver, lung, skeletal muscle, and heart. DNA was extracted with the DNeasy blood and tissue kit (Qiagen). PCR and qPCR were performed with primers as previously described (17) . In addition PCR was performed with primers forward 5′-TAT-GACT(A+C)CC(A+T)AAAGCCCATGT-3′ and reverse 5′-AGTTTGCTAGGCAGAA-TAG-3′ that amplified both human and mouse ND4 together. We then cut the ND4 fragment with ScaI, which is diagnostic for the human ND4.
Reversal of Visual Loss. Mice (3 mo of age) with low PERG amplitudes (n = 23) were sedated by inhalation with 1.5-2% isoflurane for the intraocular injections. A local anesthetic (proparacaine hydrochloride) was applied topically to the cornea, and pupils were dilated by applying a drop of tropicamide. A 32-gauge needle attached to a Hamilton syringe was inserted through the pars plana, and 1 μL of mitochondria-targeted scAAV2 containing the wild-type human ND4 (scAAV2-HSP-ND4) packaged with triple-mutant VP3 (titer = 4.4 × 10 11 vg/mL) was injected in both eyes of 14 mice with visual loss indicated by low PERG amplitudes. Nine mice with similar low PERG amplitudes received injections of sterile PBS into both eyes. PERGs were performed at baseline and then again at 1 and 3 mo after intravitreal injections.
Immunohistochemistry, Histology, and Light and Electron Microscopy. Mice were anesthetized with isoflurane/oxygen and perfused transcardially with 1× PBS followed by 4% paraformaldehyde in PBS (for light microscopy) or 4% paraformaldehyde/2.5% glutaraldehyde in PBS (for electron microscopy). Tissues were collected and were cryoprotected in graded concentrations of sucrose and sectioned at 10 μm on a Leica CM1850 cryostat (for light microscopy) or were embedded in EPON resin (Ted Pella) after postfixing in osmium tetroxide (for electron microscopy). Longitudinal retinal sections were used for staining. The following antibodies were used: Cy3-or FITCconjugated FLAG (1:100; Sigma), Porin (1:100; Abcam), Thy1. Laser Microdissection. The retinas of transgenic or normal C57BL/6 mice were fixed overnight at 4°C in 4% paraformaldehyde/PBS and equilibrated in 30% sucrose/PBS overnight at 4°C. After embedding into OCT and frozen solid in liquid nitrogen, retinas were cut into 8-μm sections and placed on director slides (Expression Pathology). Laser capture microdissection was performed using a Leica LMD6500. RGCs and cells from the inner and outer nuclear layers were excised and collected for DNA extraction.
BN/PAGE and Immunoblotting. BN/PAGE was performed using the Invitrogen NativePAGE Gel system with minor modifications. In brief, mitochondria from the liver were enriched and used for BN/PAGE gel as described in a previous report (17) . Electrophoresis was performed according to the manufacturer's specifications (Invitrogen). BN-PAGE strips were equilibrated and applied to the 2D SDS gel as described by Invitrogen. Samples were separated in the second dimension and transferred to PVDF membranes (Immobilon; Millipore) using the semitransfer system (Bio-Rad). The following antibodies were used: anti-FLAG (1:1,000; Sigma), anti-ND4 (1:200; Santa Cruz), antimCherry (1:1,000; Abcam), and mouse monoclonal antibodies from MitoSciences, including anti-NDUFS4 and anti-NDUFA9 at a concentration of 1:1,000. Secondary probing with anti-mouse or anti-rabbit HRP-conjugated antibodies (1:5,000; Sigma) was performed for 1 h, followed by detection using ECL reagents (Amersham) and a FUJI Film Imaging system.
Respiratory Chain Function. Mice were euthanized, and the optic nerves were collected and freeze thawed. Assays of complex I activity were performed on the optic nerve in triplicate by the reduction of cytochrome c with NADH. For assays of ATP synthesis rate, mice were euthanized, and the optic nerves were collected and placed immediately in DMEM with 10% FBS on ice. The rate of ATP synthesis was measured by chemoluminescence with a modified luciferin-luciferase assay in homogenized optic nerves digitonin-permeabilized with the complex I substrates malate and pyruvate in real time with an Optocom I luminometer (MGM Instruments). In brief, the optic nerves (pooled from three mice) were put in 300 μL buffer A (150 mM KCl, 25 mM Tris·HCl, 2 mM EDTA, 0.1% BSA, 10 mM K 3 PO 4 , 0.1 mM MgCl 2 , pH 7.4) and were homogenized for 10 s with a handheld Omni TH tissue homogenizer set at 19,500 rpm. A 100-μL aliquot of the cell suspension was used for the assay. The protein concentration of each suspension was quantitated using the protein assay kit (Bio-Rad).
Oxidative Stress. One microliter of DCFDA (2 mM) was injected into the vitreous cavity of transgenic mice and normal controls. Three hours later mice were euthanized and perfused with PBS. Eyes were enucleated and immersion fixed in 4% formaldehyde for 15 min, cryosectioned, and examined by confocal microscopy. The number of DCFDA + cells in the ganglion cell layer was counted. In Vitro DNA Synthesis. In vitro DNA synthesis using dTTP α32P and the three other unlabeled dNTPs was performed using a kit (Invitrogen) on freshly isolated liver mitochondria from transgenic mutant ND4 and wild-type mice. Reactions were carried out for 3-12 h at 37°C, run on a 1% agarose gel, and visualized by autoradiography. Southern blot analysis of unlabeled dNTPs of the DNA synthesis reaction was performed. Signal was detected using a radiolabeled probe made according to the manufacturer's specifications (Promega end-labeling kit) for the addition of [α- 32 P]dATP to the oligonucleotide 5′TAGTCATATTAAGTTGTTGG-3′.
Statistical Analysis. Statistical analysis was performed using the GraphPad Prism Statistical program. The one-way ANOVA and t test were used, taking P < 0.05 as statistically significant.
